One relationship between emissions and income often discussed in the developmental economics literature is the inverse U-shaped Environmental Kuznets Curve (EKC). The EKC is a graphical representation of the empirical observation that as nations develop, emissions of many types of pollutants often first increase and then decline as per capita income continues to grow. The potential for such a relationship between income and greenhouse gas (GHG) emissions could be crucial to climate change policy makers. If greenhouse emissions per capita do eventually drop as per capita incomes rise in the 21st century, it may greatly affect the level at which mitigation policies can stabilize atmospheric GHG concentrations.
This article examines the extent to which (a) the individual SRES scenarios are consistent with the findings of the empirical EKC literature and (b) the full set of SRES scenarios spans the range of uncertainty extant in this literature. The first section reviews the wide range of often contradictory interpretations of EKC behavior observed in empirical studies of pollutants relevant to climate change. The second describes the econometric methods used to test for EKC within the SRES scenarios. The third section describes the results. The appendix provides summary tables on the range of opinions in the literature about EKC behavior for two important gases in the SRES scenarios: CO 2 and NO x .
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Empirical Literature on EKC
The EKC hypothesis emerged from two studies a little more than a decade ago. Grossman and Krueger (1993) and Shafik and Bandyopadhya (1992) presented empirical evidence that some measures of environmental quality deteriorate with countries' economic growth at low levels of per capita income and then improve with economic growth at higher levels of income. These findings spawned a wealth of literature, some supporting and some challenging the EKC hypothesis.
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The Shafik and Bandyopadhya (1992) and the Grossman and Krueger (1993) studies regressed average ambient levels of pollution on a polynomial in GDP per capita across different countries and different time periods. Plotting the fitted values of pollution levels as a function of GDP per capita suggests an inverse U shape with peak pollution levels somewhere in the range of middle-income countries. Thus, in their simplest form, these studies merely state that some measures of environmental degradation may in principle vary with per capita income and 28 JOURNAL OF ENVIRONMENT & DEVELOPMENT 1. Supplemental data may be found online at http://jed.sagepub.com/content/vol14/ issue1/.
2. Some references quoted in this section are drawn from the literature review by Panayotou (2000) .
observe that historically, reductions in pollution have sometimes been associated with higher income levels.
These studies proved no causal relationship between growing income and emissions. Nonetheless, two theoretical foundations are often cited for the observed EKC phenomenon. First, as nations' economies transition through the developmental stages of agrarian to industrial to service economies, their emissions naturally peak and decline. Second, as personal wealth increases, preferences for goods such as environmental quality become more evident and are eventually realized through changes in consumptive behavior and in regulatory actions.
The original EKC findings spawned many additional empirical studies, some replicating the EKC with different data and environmental measures and others questioning the validity and generalizability of these empirical results. Those in the latter camp (Stern, 2003) often argue that the data sample considered and the assumptions made regarding the functional form of the income-emissions relationship can have a substantial effect on the shape and slope of the resulting EKC, that different EKCs are likely to exist for different countries and pollutants, and that explanatory variables other than per capita income may be better determinants of emissions trajectories.
The EKC hypothesis is especially prone to such controversy because many plausible theories have been proposed to explain the patterns first suggested by empirical observations. Although a number of theoretical articles have tried to provide economic explanations for incomepollution relationships, the empirical studies have not favored any single functional form. In fact, these empirical analyses suggest that the income-pollution relationship can take many forms contingent on assumptions about the relationships, parameters, and the factors considered in the analysis.
Empirical models of the EKC relationship typically have a reduced form specification and directly relate an environmental indicator to an income per capita level in the economy. The environmental indicators commonly used for the airborne pollutants are the emissions per capita and ambient concentrations of a pollutant in the atmosphere. The empirical studies on EKC generally employ the rather restrictive assumption of a common turning point 3 (i.e., the per capita income level at which pollution begins to decline, for all countries, while allowing for different levels of pollution). To test this relationship, many studies use quadratic, log quadratic, or cubic functional forms. Typically, such an empirical analysis is performed on panel, country-level data with fixed or random effects models to take into account country-specific variations in emissions and global time trends. Most of the studies reviewed here find that Fonkych, Lempert / IPCC's SRES SCENARIOS 29 3. This assumption was challenged and rejected by Perman and Stern (2003) , who employed statistical tests to discover that the EKC relationship varies radically across countries.
EKC relationships fall into this category. Other studies employ dynamic panel data and models with splines, or semiparametric and nonparametric specifications (Galeotti & Lanze, 1999; Schmalensee, Stoker, & Judson, 1998) . Alternative studies test the sensitivity of the findings to functional form assumptions, specifications, time periods, countries, and additional control variables that are otherwise omitted and whose neglect might produce a spurious relationship between per capita income and emissions (Panayotou, 1997; Ravallion & Jalan, 1997; Stern, Common, & Barbier, 1996) . A separate line of research on the income-pollution relationship analyzes the historical experience of individual countries and tries to explain which factors reduce emissions with growing income in each specific economy.
Sulfur dioxide is the most studied pollutant in the empirical EKC literature and conforms most thoroughly to the EKC hypothesis. The Grossman and Krueger (1993) and Shafik and Bandyopadhya (1992) studies examined local ambient SO 2 concentrations and found turning points of around U.S. $3,000 to U.S. $5,000 per capita in 1985 purchasing power parity (PPP) dollars. In fact, Grossman and Krueger found an Nshaped, rather than an inverse U-shaped, relationship, where pollution rises, falls, and then rises again with increasing per capita income. They had not emphasized the second turning point, at around U.S. $14,000 per capita, because of the paucity of data in that per capita income range. Selden and Song (1994) used panel data, largely from developed countries, to study national SO 2 emissions rather than urban ambient concentrations and found a much higher turning point of about U.S. $9,000 per capita. Subsequent studies also found SO 2 turning points at a higher per capita income when using national emissions rather than pollutant concentration in the selected locations. This effect could be explained by a geographical decentralization of industry with time. Some studies have found very high, out-of-sample inversion points. For instance, List and Gallet (1999) found a U.S. $22,675 per capita turning point based on the state-level emissions in the United States, and Stern and Common (2001) found a U.S. $101,166 per capita turning point using the largest data set of both developed and developing countries.
Empirical studies have also found an EKC relationship for NO x emissions. Panayotou (1993) employed a log quadratic model to find an EKC relationship with a U.S. $5,500 per capita turning point (1985 nominal dollars). Selden and Song (1994) found a NO x EKC with a U.S. $11,000 per capita turning point using a linear quadratic model. Carson, Jeon, and McCubbin (1997) evaluated 1990 data from the 50 U.S. states and found that NO x decreases as states' per capita income increases. However, de Bruyn, Van Den Bergh, and Opschoor (1998) evaluated the effect of per capita income on NO x emissions in some Organization for Economic Cooperation and Development (OECD) countries, finding only a monotonically increasing relationship. Cole, Rayner, and Bates (1997) estimated income-environment relationships for many environmental indicators, including total energy use, transport emissions of SO 2 , suspended particulate matter, and NO 2 , nitrates in water, traffic volumes, chlorofluorocarbons emissions, and methane. They found an NO x turning point at about U.S. $15,000 per capita using both a log quadratic and linear quadratic model (in 1985 nominal dollars) and an SO 2 turning point at about U.S. $6,000 to U.S. $7,000 per capita depending on the model specification. However, they found inverted U-shaped curves only for local air pollutants and CFCs but not for CO 2 . The study concluded that "meaningful EKC's exist only for local air pollutants, while indicators with a more global, more indirect, environmental impact either increase with per capita income or else have high turning points with large standard errors" (de Bruyn et al., 1998) .
Unlike those of local pollutants, early studies of carbon dioxide found no EKC behavior. For instance, Shafik and Bandyopadhya (1992) and Shafik (1994) obtained a monotonic increase of CO 2 emissions with respect to per capita income but at a decreasing rate. The Selden and Song (1994) study that found EKC behavior for SO 2 emissions found no such behavior for CO 2 . Holtz-Eakin and Selden (1995) estimated EKCs for CO 2 using panel data and found that CO 2 emissions per capita do not begin to decline until U.S. $35,000 per capita, a per capita income outside of their data sample, which is similar to the earlier findings by Shafik (1994) . Many authors (Holtz-Eakin & Selden, 1995; Shafik, 1994; Stern, 2003) argued that CO 2 emissions would increase monotonically with per capita income, at least within any observable per capita income range, because such emissions have global rather than local impacts and are thus externalized to other countries and future generations.
Some recent studies, however, using newer data and different estimation techniques, have found an EKC relationship for CO 2 emissions within an observable per capita income range, albeit with turning points higher than those of local pollutants. Schmalensee et al. (1998) , using a spline regression with 10 piece-wise segments and the same data as Holtz-Eakin and Selden (1995) , obtained an inverted U-shaped relationship between CO 2 emissions and per capita income in PPP dollars (1985) . They found negative CO 2 emission elasticity with respect to per capita income at the lowest and highest income splines and a turning point in the range of U.S. $10,000 to U.S. $17,000 per capita. However, the same article reports that N-shaped and other polynomial functions fit the data as well as the inverted U shape but would predict completely different emissions for out-of-sample per capita income levels. Galeotti and Lanze (1999) have tested alternative functional specifications for the CO 2 -per capita income relationship, including Gamma and Weibull functions as well as quadratic and cubic functions. They found turning points between U.S. $15,000 and U.S. $22,000 per capita depending on the model specification and sample.
Another recent study by Panayotou, Sachs, and Peterson (1999) , using a 10-segment piece-wise spline function and panel data for 150 countries from 1960 to 1992, has found results quite similar to those of Schmalensee et al. (1998) . The income elasticity of emissions was low at the lowest income spline, rose to a maximum at around U.S. $11,500 per capita, and turned negative at incomes of about U.S. $17,500. Panayotou (1997) suggests that these unexpected results can be explained by a structural change toward less energy-intensive industries rather than the increasing enactment of environmental regulations with economic growth.
Although many studies have found EKC behavior in ambient concentrations as well as emissions of local pollutants, EKC studies of carbon dioxide have focused mostly on emissions per capita. It is important to note that climate change is driven by atmospheric CO 2 concentrations that will continue to rise even after CO 2 emissions have begun to decline because carbon dioxide has long atmospheric residence times (on the order of centuries).
Some studies reject any causal connection between emissions and income. Stern (2003) argues that the observed EKC phenomenon does not arise from any causal relationship between rising per capita incomes and declining pollution. Rather, he suggests that most indicators of environmental degradation monotonically increase with income and that time-related effects, such as technology improvement, reduce environmental degradation in all countries at every level of per capita income. These time effects may overcome the effect of expanding production on per capita emissions in the slower growing rich countries, resulting in emissions declining as per capita income continues to rise. However, he argues that in the faster growing middle-income countries, the time effect cannot keep pace with the income-driven increase in pollution.
Another critique of the EKC's validity argues that it is inappropriate to infer an income-dependent dynamic equation for each country's emissions from a static relationship between emissions and income among many countries at single, or even different, years (Unruh & Moomaw, 1998) . For instance, Vincent (1997) found the actual emission patterns in a single country, Malaysia, very different from those suggested by EKC results derived from cross-country studies. A large literature questions the validity of an EKC relationship on theoretical and statistical grounds, in particular challenging any suggestion of a causal connection between a decrease in environmental degradation with increasing per capita income (Arrow et al., 1995; Coondoo & Dinda, 2002; Perman & Stern, 2003) .
Looking to the future, there are a number of factors that might affect any relationship between GHG emissions and growing per capita income in the 21st century. Lucas, Wheeler, and Hettige (1992) , , and Low and Yeats (1992) have found some evidence in support of the pollution-haven hypothesis that explains the EKC relationship by a shift of polluting activities from more to less developed countries through international trade. If such is the case, the downward-sloping segment of the EKC may not hold in the future because the poorest countries lack others below them to shift their polluting industries to as they develop. There is also some evidence that the pollution intensity of the consumption in developed countries does not decrease as much as the pollution intensity of their production (Ekins, 1997; Suri & Chapman, 1998) .
On the other hand, greater openness of future economies might stimulate the dissemination of the newer and more environmental technologies as well as environmental standards. Grossman and Krueger (1993) have found some evidence for SO 2 in favor of this hypothesis, whereas Shafik and Bandyopadhya (1992) have found only weak evidence. Copeland and Taylor (1994) analytically examined the relationship between per capita income, pollution, and international trade. They have found that narrowing the per capita income gap between rich and poor countries would reduce world pollution levels by narrowing the gap in the factor prices (labor and capital).
Stern (2003) has pointed out the aggregation bias in the EKC relationship: The turning point for the world emissions might be attained at per capita income levels higher than the average world per capita income because global income distribution is skewed and global emissions might continue growing after the turning point at which per capita emissions for an individual country decline.
Income inequality between and within countries also interacts with income and may have an important influence on future GHG trajectories. Ravallion and Jalan (1997) found a correlation between higher inequality and a greater effect of per capita income growth on emissions. They conclude that although poverty reduction leads to increased emissions, the trade-off between reducing inequality and reducing emissions improves with growth and disappears when the countries achieve the per capita income level of today's middle-income countries. Hence, with sufficiently high growth and low inequality, emissions would eventually decline. Torras and Boyce (1998) examined the effect of both per capita income and power inequality, as well as social development, on emissions and suggested that improvement in these indicators would lower pollution.
The rate of population growth and population density could also significantly affect emissions. Panayotou (1997) found that a higher population density raises the EKC for the ambient concentrations of SO 2 at every level of per capita income. In contrast, Selden and Song (1994) found that an increasing population density lowers per capita emissions of airborne pollutants, suggesting global emissions forecasts with lower turning points than those that neglect this factor. This short literature overview is not intended to cover the EKC debates in detail. For the purposes of comparing SRES scenarios, it is enough to note that this debate exists. Overall, the empirical EKC literature finds, unambiguous for some pollutants and ambiguous for others, a pattern of rising and then falling emissions with rising per capita incomes. However, the literature offers no consensus on whether the observed relationship between emissions and per capita income represents an invariant pattern of growing economies that should characterize the 21st century or an accidental correlation among unrelated trends that need not have any predictive power for the decades ahead.
EXAMINING THE SRES SCENARIOS FOR EKC BEHAVIOR
The SRES emission scenarios aim to inform the debate over climate change policy by providing a broad range of future GHG emissions trajectories based on a range of assumptions about fundamental driving forces, such as population growth, economic growth, and technological change. A successful set of scenarios should be consistent with available information (i.e., no individual scenario should be inconsistent with an established theory or facts) and should be expansive (i.e., represent a wide range of plausible futures). It is useful to compare these criteria with those of Heil and Selden (2001) , who use statistical fits to emissionsincome relationships to inform what they see as a more accurate forecast of 21st-century GHG emissions. In contrast, this study uses the EKC literature as one useful measure of the consistency and breadth of the set of SRES scenarios. This study addresses the following questions: To what extent are the individual scenarios consistent with the findings of the EKC literature, and to what extent does the set of scenarios span the range of interpretations in that literature?
The construction of the SRES scenarios suggests that they should be compatible with EKC behavior. Although the SRES scenarios were designed to cover a wide range of assumptions for the main demographic, economic, and technological driving forces of GHG and other emissions, they do have a number of common assumptions. All the scenarios were generated from models incorporating the IPAT 4 identity, which gives emissions as the product of carbon intensity (carbon emissions and energy used), energy intensity (energy used and GDP), per capita income, and population. All scenarios assume that population stabilizes during the course of the 21st century but at different levels and in different scenarios. All scenarios assume that carbon and energy intensity fall with time, reflecting changes in fuels, technology, and the economy. These assumptions suggest that in principle, the SRES sce-34 JOURNAL OF ENVIRONMENT & DEVELOPMENT 4. IPAT is I = PAT, where I is environmental impact, P is population, A is per capita affluence, and T is technology as wasted per capita affluence.
nario emissions as a function of per capita income will eventually begin to decline. Nonetheless, the shape and turning points in each scenario may be significant. The income levels at which emissions begin to fall may affect the success of different GHG emissions strategies. In addition, improvements in technology or changes in the price of fuels independent of changes in per capita income may importantly affect the emissions trajectories in different scenarios.
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The SRES report organizes its scenarios into four families, which are labeled A1, A2, B1, and B2. Each family represents a story line combining different combinations of demographic change, social and economic development, and broad technological developments. Two of the scenario groups of the A1 family (A1F, A1T) explicitly explore alternative energy technology developments, holding the other driving forces constant. Rapid growth leads to high capital turnover rates so that early small differences among scenarios can lead to a large divergence by 2100. The SRES report demonstrates this effect by providing several scenarios in the A1 family, which has the highest rates of technological change and economic development.
This study will examine the EKC behavior of the A1, A1T, A1F, A2, B1, and B2 families. The SRES provides the following summary of the driving forces for each of these scenarios:
• The A1 story line and scenario family describe a future world of very rapid economic growth, global population that peaks in midcentury and declines thereafter, and the rapid introduction of new and more efficient technologies. Major underlying themes are convergent among regions, capacity building, and increased cultural and social interactions, with a substantial reduction in regional differences in per capita income. The A1 scenario family develops into three groups that describe alternative directions of technological change in the energy system. The three A1 groups are distinguished by their technological emphasis: fossil intensive (A1FI), nonfossil energy sources (A1T), or a balance across all sources (A1).
• The A2 story line and scenario family describe a very heterogeneous world. The underlying theme is self-reliance and preservation of local identities. Fertility patterns across regions converge very slowly, which results in a continuously increasing global population. Economic development is primarily regionally oriented, and per capita economic growth and technological change are more fragmented and slower than in other story lines. 5. Note that the creators of the Special Report on Emissions Scenarios (SRES) scenarios did not explicitly take EKC (Environmental Kuznets Curve) relationships into account. Rather, they assume that energy demand increases proportionally with output and, hence, income. However, assumptions about the rate, direction, and regional diffusion of technological change; other socioeconomic changes; and non-greenhouse-gas-related environmental policies all affect patterns of energy intensity and thus the relationships between emissions and income in each of the SRES scenarios.
• The B1 story line and scenario family describe a convergent world with the same global population that peaks in midcentury and declines thereafter, as in the A1 story line, but with rapid changes in economic structures toward a service and information economy, reductions in material intensity, and the introduction of clean and resource-efficient technologies. The emphasis is on global solutions to economic, social, and environmental sustainability, including improved equity, but without additional climate initiatives.
• The B2 story line and scenario family describe a world in which the emphasis is on local solutions to economic, social, and environmental sustainability. It is a world with a continuously increasing global population at a rate lower than that in the A2 scenario, intermediate levels of economic development, and less rapid and more diverse technological change than in the B1 and A1 story lines. Although the scenario is also oriented toward environmental protection and social equity, it focuses on local and regional levels.
Each of these SRES scenarios was represented by runs of up to six highly detailed integrated assessment models that each produce time series, projecting a wide range of socioeconomic and environmental factors, including income, population, and emissions of several key pollutants. In every scenario group, one of those models was designated to create a marker scenario. The inputs and outputs for these models for each scenario are publicly available from the SRES Web site, 6 and more complete data are publicly available on request.
This study regards the outputs of the SRES models as panel data and applies standard econometric techniques to test for EKC behavior. It focuses on two pollutants relevant to climate change, one with primarily global effects (CO 2 ) and a well-studied local one (NO x ). The study measures per capita income in real 1990 dollars rather than PPP because the latter is not provided for every scenario. SRES also covers a number of pollutants and other indices of environmental degradation, such as deforestation. This study does not examine such environmental measures of interest as SO 2 emissions and deforestation because results are not reported for them in every marker scenario.
There are a variety of challenges in conducting an econometric analysis on the SRES projections for the 21st century and comparing the results to similar empirical analyses of real-world 20th-century data. First, the SRES data are much sparser than that generally available for real-world data. The SRES models report outputs every 10 years, not annually. In addition, the SRES data are aggregated at a regional rather than at a country level in four geographic regions: OECD (as of 1980), Africa and Latin America, reforming countries (former Soviet bloc), and Asia. This regional aggregation is expected to yield a weaker EKC than that on the country level for two reasons. First, some countries in a region might provide pollution havens for others. That is, polluting activities might move from richer to poorer countries within a region, producing empirical EKCs in the studies on the country level but not on the regional level. Second, the income distribution within a region could be skewed compared to that in individual countries in such a way as to reduce the observed EKC behavior. Typically, there may be fewer countries within a region with per capita income levels higher than the average regional GDP per capita. Thus, for any given EKC at the national level, the region would be observed to produce more emissions than a country with a same per capita income. Thus, the observed regional EKC would have a higher turning point than the individual national EKC.
In addition, the SRES scenarios also explicitly presume a base case with no GHG emissions policies. This contradicts one important justification of the EKC hypothesis: that increasing per capita income creates an increasing demand for environmental quality, which is expressed in environmental policy. Nonetheless, SRES does assume environmental policies directed at local pollutants, which may have some indirect effect on GHG emissions.
Perhaps it is most important that the SRES scenarios were developed for the coming century so the per capita income range they cover is much larger than that covered by 20th-century data. Thus, most of the SRES emissions paths extrapolate beyond the scope of current empirical studies.
With these caveats, this study proceeds to elicit an income-pollution relationship from the SRES panel data using regressions with fixed effects for every region and year. Fixed effects allow the level of emissions to vary across regions and time periods, albeit keeping their per capita income elasticity the same for the region and year as the per capita income level. Thus, the only factors that may alter the income-emission relationship are those that have different time trends across regions. Regional fixed effects control for the omitted variables that affect the level of emissions in every region and do not change with time. Timespecific fixed effects control for time-varying variables and stochastic shocks that are common across the regions. This study uses two alternative functional specifications that allow inverted U-type relationships that do not decrease below a certain level. These specifications are linear cubic, (E/P) it = α i + γ t + β 1 (GDP/P) + β 2 (GDP/P) 2 + β 3 (GDP/P) 3 + e it and log quadratic, Fonkych, Lempert / IPCC's SRES SCENARIOS 37
where E is emission and P is population. The linear specification has been most prevalent in the early empirical EKC studies, either with or without a cubic term. This study estimates these regressions for CO 2 and NO x emissions for the six marker scenarios, in some cases modifying the equation and dropping high-order terms when they prove nonsignificant in both the linear or log quadratic forms. In each case, the regression analysis produces the shape of the emissions-per capita income relationship and the income level of any turning points. Both model specifications consider per capita emissions consistent with the standard choice made in most of the empirical literature surveyed (Panayotu et al., 1999; Stern, 2003) . The analysis also reports R 2 values, reflecting the percentage of variation in emissions across regions and years, explained by the variables of the model-per capita income and time and region fixed effects.
Note that these reduced form equations neglect other factors potentially affecting the per capita income-emission relationship, such as energy prices, governance, education, and population density. Thus, it is not always appropriate to compare the SRES EKC derived here with empirical studies that elicit causal per capita income-pollution relationships by controlling for a number of other variables. However, this study can still assess whether the different EKC behaviors found in the SRES scenarios are consistent with empirical findings and theories describing how the different scenario drivers should affect the per capita incomeemission relationship.
Results
Figures 1 and 2 summarize the results of our analysis. Overall, we find that the individual SRES scenarios are both consistent with and span the wide range of findings in the EKC literature.
The regression analysis shown in Figures 1 and 2 produces estimates of the income coefficients, dummy variables for the regions and years (fixed effects), and the R 2 measure of the goodness of fit. Dummy variables for every region (region fixed effects) provide for the up or down shift in the income-pollution relationship, accounting for the factors that make a certain region produce emissions regardless of the income and time trends. Dummy variables for every year (time fixed effects) reflect the portion of the emissions per capita that is the same for every region in that year. The resulting time pattern of emissions-due, for instance, to improving technology and stabilizing population throughout time in the entire world-may also show convex patterns similar to the EKC.
However, the estimated relationship between per capita income and emissions shown in Figures 1 and 2 is net of the effects of these common emission trends driven by the factors in the IPAT relationship, such as exogenous changes in technology or the price of fuels. As a result, some graphs (e.g., the linear model results for the B1 scenario) show the variation in emissions because of income trending below zero when subtracted from the variation because of income-independent factors. Turning point: $32,000
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Turning point: $28,000
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Turning The R 2 values shown in Table 1 reflect the extent to which the variation in emissions throughout time and across regions is explained by the variables of the model: income per capita as well as dummy variables for years and regions (fixed effects). In other words, the higher R 2 would indicate the higher importance of income as an explanatory factor of emissions.
As shown in Figure 1 , Scenarios A1 and A1T display a traditional EKC relationship for CO 2 . A1 has a turning point at U.S. $17,000 GDP per capita in the log quadratic model and about U.S. $33,000 in the linear cubic model. As shown in Table 1 , the former fits this scenario's data much better than the latter does (R 2 is 43% vs. 10%). The log model generally exhibits emissions that fall more gradually with rising per capita income. Thus, the results in Table 1 suggest that a model specification that predicts emissions dropping more slowly at high per capita incomes fits the SRES scenarios better than model specifications that predict more rapidly falling emissions at high per capita incomes.
Scenario A1T, which relies more on alternative energy sources, has lower turning points than Scenario A1: U.S. $8,000 and U.S. $23,000 per capita for the two models. However, changes in per capita income explain only 8% and 15% of this scenario's variation in emissions for the linear and log models, respectively, which is consistent with a story line of global adoption of nonfossil energy sources by countries at every income level. The B1 scenarios, intended to represent a 21st century with a radically cleaner economy than that in the 20th century, features declining CO 2 emissions at low turning points not seen in the empirical literature. Emissions decrease in the linear model at all per capita incomes, whereas the log model has a low turning point at U.S. $3,700 per capita, after which emissions fall sharply. However, changes in per capita income explain very little of Scenario B1's variation in the CO 2 emissions: only 0.37% in the linear model and 2.7% in the log model. Thus, these results appear consistent with the B1 story line, which aims to illustrate hypothesized increasing global emphasis on sustainability among countries of every income level. The remaining scenarios contain less EKC behavior for CO 2 . A1F has monotonically increasing CO 2 emissions when using both models for the range of 21st-century SRES per capita incomes. Income is also strongly correlated with emissions in this scenario. The log and linear models have an R 2 of 71% and 56%, respectively, which is consistent with a story line where rising incomes drive increased use of fossil energy.
In A2, the linear model produces a monotonic increase in CO 2 emissions across the per capita income range. The log model yields a turning point at about U.S. $46,000 per capita, although emissions practically level off after this point rather than sharply decrease. Both models explain a large part of the emissions with income variables, but the linear model fits the data better, with an R 2 of 72% compared to 61% for the log model. Note that this is the only scenario where the linear model explains significantly more of either the CO 2 or NO x emissions variation than the log model does, which is consistent with the story line of a heterogeneous world and a greater difference in emissions for countries at different levels of per capita income than found in the other SRES scenarios.
B2 has a flat CO 2 EKC behavior for the linear model with a turning point of about U.S. $34,000 per capita. The log model explains the same amount of variation in emissions (same R 2 ) and produces a flat but monotonically increasing curve.
The patterns of the income-emission relationship for the local NO x emissions are very similar to the global CO 2 emissions across the SRES scenarios. As expected, the turning points for the local pollutants are lower in the A1 (U.S. $8,000 to U.S. $19,000 per capita) and A1T (U.S. $10,000 to U.S. $28,000) scenarios. It is unclear, however, why A1T has a higher NO x turning point than A1 does and why the A1T NO x turning point is higher than that for CO 2 . One would expect the reverse because alternative energy sources might be expected to speed emissions reductions at a lower per capita income and act first on local pollutants.
The A1F scenario has NO x emissions, which generally increase with per capita income, with a slight decrease in the linear model in the per capita range of U.S. $39,000 to U.S. $69,000. The A2 scenario has a turning point at about U.S. $14,000 per capita in the log model, whereas the linear model produces an N-shaped relationship, with the turning points at U.S. $18,000 and U.S. $48,000 per capita.
The B1 scenario exhibits an EKC relationship, with NO x turning points at U.S. $4,500 per capita in the log model and U.S. $12,000 in the linear model. These turning points also seem to occur anomalously at higher per capita income levels than for CO 2 . The B2 scenario displays similar per capita income-emissions relationships for both global and local pollutants: monotonic increase in the log model and a flat EKC in the linear model, with a turning point at U.S. $32,000 per capita.
Overall, this study finds each of the SRES marker scenarios consistent with at least one interpretation of the empirical findings in the EKC literature. By necessity, each scenario is also inconsistent with other interpretations of the empirical findings because the EKC literature for CO 2 does not offer unambiguous results. Those SRES scenarios that show turning points for CO 2 and NO x generally have values consistent with at least some empirically derived values. A1T and B1 offer two exceptions, with turning points for CO 2 lower than any observed in the 20th century. These scenarios were designed, however, to represent drastic changes in the factors that drive emissions. As shown in Table 1 , B1 in particular has a very weak relationship between emissions and per capita income, which is consistent with this scenario's story line of rapid global change in economic structures and technology across countries independent of per capita income.
The A1F scenario displays no EKC behavior for either CO 2 or NO x . Rather, emissions increase throughout the entire range of per capita incomes, which is consistent with the scenario's assumption of continued heavy reliance on fossil fuels. In contrast, the A1T scenario displays strong EKC behaviors for both pollutants. As noted, however, this scenario anomalously has higher turning points for NO x than it does for CO 2 , and it has a higher NO x turning point than A1 does. The literature offers no 20th-century precedence for such behavior.
The A2 scenario has high turning points for both pollutants. This appears consistent with the scenario's story line of heterogeneity and high population growth. The literature is ambiguous on the extent to which the 20th century offers any precedence for such behavior.
Both Group B scenarios exhibit EKC behavior but with lower turning points and flatter, higher income emissions reductions than the A scenarios. This is generally consistent with theoretical hypotheses and some empirical findings (Torras & Boyce, 1998 ) that more emphasis on social development would reduce emission levels. The lower turning point in B1 compared to B2 suggests that the global solutions and convergence are presumed to reduce emissions and decrease incomeemission elasticity. Although the literature on this question is ambiguous, some interpretations support such an effect.
Conclusion
The SRES produced families of 21st-century GHG emissions trajectories that aim to be consistent with current knowledge and span a wide range of plausible futures. The EKC represents one potentially impor- Fonkych, Lempert / IPCC's SRES SCENARIOS 43 tant relationship between important driving forces of future GHG emissions. Many empirical studies report such EKC behavior when some GHG emissions across countries first rise and then fall with increasing per capita income. Turning points between rising and falling emissions generally occur at per capita incomes characteristic of middle-income countries for local pollutants, such as NO x , and at per capita incomes characteristic of OECD countries or higher for global pollutants, such as CO 2 . However, other empirical studies suggest that any EKC relationship between emissions and per capita income observed in 20th-century data may be an artifact of the particular statistical approach employed (and need not appear with other data samples or model specifications) and, not being a causal relationship, need not characterize the relationship between emissions and per capita income in the 21st century.
This study treats the simulation model outputs for six SRES marker scenarios as panel data and regresses linear and log model representations to determine the relationship between per capita income and CO 2 and NO x emissions in each scenario. This analysis finds that some SRES scenarios exhibit EKC behavior for these gases, whereas some do not. Individuals who believe EKC patterns observed in the 20th century will also characterize the 21st century might find the income-emissions relationships in Scenarios A1, A1T, and B1 more likely. The turning points for the former are generally consistent with those found in the empirical literature. Individuals who reject the EKC hypothesis for the 21st century might find the income-emissions relationships in Scenarios A1F and perhaps A2 more likely. Scenario B2 can fall in either camp, showing EKC behavior in the linear model and not in the log model. The log-log models, which suggest slower emissions declines for incomes above the turning points, explain more of the variation in emissions than do the linear-based models in almost all the SRES scenarios, save for A2 and B2. The log-log models explain more than 40% of this variation in the A1, A1F, A2, and B2 scenarios for CO 2 and the A1F, A2, B1, and B2 scenarios for NO x .
For CO 2 , using the log model, the A1 scenario has a turning point at U.S. $17,000 per capita (inside the current data), A2 has a turning point at U.S. $46,000 (outside the current data), and A1F and B2 have no turning points and thus no EKC relationship. A1T shows a turning point at U.S. $17,000, and B1 shows a turning point at U.S. $3,700, although in neither case does per capita income explain a significant amount of variation in the emissions among regions and throughout time. For NO x , using the log model, the A2 scenario has a turning point at U.S. $14,000 per capita, B1 has a turning point at U.S. $4,400, and A1F and B2 have no turning points and thus no EKC relationship. A1 has a U.S. $8,000 turning point, and A1T has a U.S. $10,000 turning point, although per capita income only explains about a third of the variation in emissions. In each of these cases, the turning points are consistent with the range found in the empirical literature, except for B1s, which has a very low CO 2 turning point. However, the B1 scenario is intended to represent a significant departure from past emissions trends. The patterns among turning points and the lack thereof are generally consistent with the scenario's story lines. For instance, A1T, with its low turning points, represents increased use of alternative energy, whereas A1F, with no EKC behavior, represents an emphasis on fossil fuels. B1, with its low turning points in the log model, represents an unprecedented emphasis on environmental sustainability, whereas B2, with no turning points, emphasizes less rapid and divergent technological change. The NO x turning points for the A1T scenario, however, appear anomalously high compared to the A1 NO x and A1T CO 2 turning points. The linear model results explain fewer emissions variations but are qualitatively similar to the log model results.
Scenarios such as those provided by the SRES are not intended to be predictions of the future. Rather, scenarios are most usefully employed in situations where accurate predictions are not possible. Two important criteria for the quality of a set of scenarios include the extent to which each scenario is consistent with current knowledge and the extent to which the set of scenarios taken as a whole spans the full range of uncertainty about the future. This study suggests that with regard to current knowledge about EKC, the SRES scenarios largely meet these two criteria. The literature contains arguments that the EKC relationship between emissions and income both will and will not characterize the 21st century. The set of SRES scenarios spans this range. The literature arguing for future EKC relationships suggests a wide range of turning points. This range is also reflected in the SRES scenarios. With two types of exceptions, each SRES scenario considered here can find support in some corner of the EKC literature. The first exceptions are the A1T and B1 scenarios, which had turning points lower than those found in the literature; the second is the higher-than-expected A1T NO x turning points. The second exception may represent an anomaly, but the first is consistent with the scenarios' story line of unprecedented technical change.
